Electrical characterization methods for the analysis of alternating current thinfilm electroluminescent (ACTFEL) devices are reviewed. Particular emphasis is devoted to electrical characterization techniques because ACTFEL devices are electro-optic display devices whose performance is to a large extent determined by their electrical properties. A systematic procedure for ACTFEL electrical assessment is described. The utility of transient charge, voltage, current, and phosphor field analysis is explained. Steady-state electrical characterization methods discussed in this review include charge-voltage (Q-V), capacitance-voltage (C-V), internal charge-phosphor field (Q-F p ), and maximum charge-maximum applied voltage (Q max -V max ) analysis. These electrical characterization methods are illustrated by reviewing relevant results obtained from the analysis of evaporated ZnS:Mn and atomic layer epitaxy (ALE) SrS:Ce ACTFEL devices.
INTRODUCTION
An alternating-current thin-film electroluminescent (ACTFEL) device is a solid state display device in which some type of an alternating-current (ac) voltage waveform is applied to the electrical contacts of a thin-film stack in order to induce light emission (1) . A typical ACTFEL stack consists of a phosphor layer doped with a luminescent impurity (e.g ZnS:Mn, SrS:Ce, etc) sandwiched between two insulators that are contacted via one opaque and one transparent electrode. The ACTFEL stack described employs a glass substrate, and light 223 0084-6600/97/0801-0223$08.00 is viewed from the substrate side. Alternatively, in an inverted structure, the electrode positions are reversed, and light is viewed from the opposite side of the ACTFEL device.
From a device physics perspective, a simple view of the operation of an ACT-FEL device involves six primary physical processes, as illustrated in Figure 1 . Upon the application of a sufficiently large voltage to the ACTFEL device, the phosphor field is large enough that electrons trapped in interface states are tunnel-emitted into the phosphor conduction band (Process 1). Subsequently, these injected electrons gain energy from the field and are transported across the phosphor (Process 2). As these hot electrons transit the phosphor layer, a fraction of them excite luminescent impurities (Process 3) from their ground state to their excited states; obviously, the hot electron must concomitantly lose energy during this impact excitation process. Subsequently, the luminescent impurity relaxes from its excited state to its ground state (Process 4), possibly giving off a photon during this energy relaxation process (the energy relaxation process can also occur nonradiatively, in which case the potential energy of the luminescent impurity in its excited state is dissipated via the emission of phonons to the lattice). The delay time between Processes 3 and 4 can be long (ms) or short (a fraction of a microsecond) depending on whether spin and parity selection rules for the radiative decay process are allowed or forbidden. Eventually, the transported electrons reach the phosphor/insulator anode interface and are trapped in interface states (Process 5). Finally, photons generated by radiative recombination outcouple from the ACTFEL stack and are observed by the viewer (Process 6).
It is our contention that an ACTFEL device is primarily an electro-optic device because although an ACTFEL device is employed for visual display applications, how it functions is primarily determined by its electrical properties. Thus electrical characterization of ACTFEL devices is the focus of this review. Moreover, the aim of this chapter is to review electrical characterization techniques that we have found particularly useful for unraveling the device physics of ACTFEL devices. Therefore, this review is not meant to be a balanced and exhaustive overview of all the methods that have been employed for electrical characterization of ACTFEL devices.
First, we present a survey of ACTFEL electrical characterization techniques. Prior to discussing specific characterization techniques, the general circuit and waveform we employ for two-terminal ACTFEL assessment are described. Then the electrical characteristics of evaporated ZnS:Mn and atomic layer epitaxy (ALE) SrS:Ce ACTFEL devices are compared; these two kinds of ACTFEL devices are discussed because they exhibit distinctly different kinds of ACTFEL device behavior. Additionally, ZnS and SrS are currently the technologically most important ACTFEL phosphors.
ELECTRICAL CHARACTERIZATION TECHNIQUES

Circuit and Waveform Employed
The circuit we normally employ for two-terminal electrical characterization of ACTFEL devices is shown in Figure 2 . An arbitrary waveform generator (AWG) is used to provide the desired ac signal, which is then amplified via a high-voltage amplifier. This voltage waveform drives a series combination of a series element, the ACTFEL device, and a sense device. Typically, we employ a 100 to 1 k resistor as a series element. The purpose of this series element is to act as a current-limiter, which helps to protect the ACTFEL device from catastrophic breakdown; the larger the series resistor, the more the ACTFEL device is protected. However, although a series resistor helps to protect the ACTFEL device from catastrophic breakdown, the resistor also increases the time constant of the circuit, which obscures observation of the dynamic response of the ACTFEL device. Normally, we use a capacitor as a sense element. The capacitance of this sense capacitor is much larger than that of the ACTFEL device under test, so most of the applied voltage occurs across the device. Essentially, our test circuit arrangement is that of a Sawyer-Tower arrangement (1) (2) (3) (4) in which the device under test is monitored via measurement of the voltage across the sense capacitor. As indicated in Figure 2 , the transient voltage may be monitored, usually via a digitizing oscilloscope, at three different points in the circuit. A wealth of device physics information may be obtained from a measurement of these three voltage transients (discussed below).
The standard applied voltage waveform we typically use to accomplish electrical characterization is illustrated in Figure 3 and consists of a 1 kHz sequence of bipolar pulses with rise and fall times of 5 µs and a pulse width of 30 µs. Note that an A-J labeling scheme is used to designate certain important points in the applied voltage waveform. The significance of the labeled points except B and G is obvious and requires no further explication; B and G refer to points in the applied voltage waveform in which conduction in the phosphor is initiated. We use this labeling scheme throughout this review.
Transient Charge, Voltage, Current, and Phosphor Field Analysis
Several kinds of transient characteristics are often used for assessing the device physics operation of an ACTFEL device. The instantaneous external charge, q ext (t), is usually determined by measuring the voltage across the sense capacitor shown in Figure 2 and multiplying by the sense capacitance to give q ext (t) = C s v 3 (t).
1.
The instantaneous voltage drop across the EL device, v EL (t) is simply given by
where v 2 (t) and v 3 (t) are indicated in Figure 2 . Although q ext (t) and v EL (t) curves are sometimes plotted and used directly for ACTFEL device assessment, it is more common to use these curves as raw data input for the accomplishment of Q-V, C-V, Q-F p , or Q max -V max measurements. We have recently begun using a procedure in which both sets of curves are offset-adjusted prior to being further processed to accomplish other kinds of measurements (4a, 4b) . The idea underlying offset adjustment of the q ext (t) curve (S Shih et al, paper in preparation) is that this curve is often found to be asymmetrically displaced from the origin of the voltage axis. This asymmetric displacement from the voltage axis origin is referred to as q ext (t) offset. A q ext (t) offset yields Q-V curves that are displaced vertically above or below the voltage axis and Q-F p curves that are displaced laterally above or below the phosphor field axis. Our procedure for q ext (t) offset adjustment is to simply displace the q ext (t) curve so that it is symmetrically positioned from the voltage axis origin. The amount of voltage shift that is required to symmetrically displace the q ext (t) curve is recorded and is regarded as a measure of the extent of the q ext (t) offset. Simulation indicates (4a) that q ext (t) offset may be associated with an asymmetry in the interface state depths at the two phosphor/insulator interfaces or with an asymmetry in the location of space charge in the phosphor.
The second kind of offset procedure that we employ (4b) is to monitor v EL (t) and to reset the baseline of v EL (t) to ensure that the baseline occurs at zero volts. We find that v EL (t) curves typically require an offset adjustment of ∼1-3% of V max due to small and random offset inaccuracies in the oscilloscope. v EL (t) offset is manifest in a Q-V curve as a displacement of the leakage charge from the charge axis.
q ext (t) is the transient charge measured externally with respect to the phosphor of an ACTFEL device. From a device physics perspective, it would be more useful to know the internal transient charge present at the insulator/phosphor interface, which we denote q(t). q(t) is found (5, 6) from
where C i and C p are the insulator and phosphor capacitances, respectively. In order to obtain a good estimate of q(t), C i and C p must be accurately known. q(t) curves are primarily used as the input data for Q-F p and Q max -V max assessments. Note that the difference between a q(t) curve and a q ext (t) curve involves rescaling and subtraction of displacement charge. An example of a transient current [i(t)] curve is shown in Figure 4 . i(t) may be found from the voltage drop across the series resistor shown in Figure 2 ,
Alternatively, i(t) may be found from q ext (t) by differentiation,
Note that i(t) is the total current flowing in the external circuit; thus, i(t) is comprised of a superposition of a displacement and a conduction current contribution, i displace (t) and i cond (t), respectively. Often, the conduction current contribution is the one of prime interest; this has led many researchers (2, 4, 7) to employ a bridge circuit in which the displacement current contribution is zeroed below threshold so that only conduction current is measured directly. We have not used this approach extensively in our work because we find it extremely difficult to accurately and reliably zero the displacement current. Therefore, the reader is referred to the literature (2, 4, 7) for further discussion of this technique. If we need to evaluate i cond (t), we prefer to do so via differentiation of the internal charge transient curve i(t) curves are used primarily as raw data for accomplishing C-V characterization, for investigating whether trailing edge current is present (8, 9) , and for exploring the detailed nature of the charge injection dynamics (10) . Consider the dynamic nature of i(t) shown in Figure 4 . From A to B, only displacement current flows. At B, the flow of conduction current is initiated and typically reaches its maximum value near point C. The magnitude of current flow is reduced from C to D, during which time the applied voltage is held constant at its maximum value, V max . The phosphor field decreases or relaxes during the CD portion of the waveform; thus the charge transferred during the CD portion of the waveform is referred to as relaxation charge. Finally, DE is the falling edge portion of the waveform, during which time the applied voltage is reduced to zero. Most of the current flowing during this DE portion of the waveform is displacement current.
An example of a transient phosphor field [f p (t)] curve is shown in Figure 4 . f p is assessed using the circuit shown in Figure 2 and via the use of the following equation (5, 6),
where d p is the phosphor thickness. Note that an accurate assessment of f p (t) requires that the phosphor thickness and the insulator and phosphor capacitances be accurately determined. f p (t) curves are most often used as input data for accomplishing Q-F p analysis and for investigating the detailed dynamics associated with field-clamping, trailing edge emission, or field relaxation (see below). Consider the nature of the dynamics of the f p (t) curve shown in Figure 4 . This curve possesses a small duration during the rising edge portion of the voltage pulse in which the phosphor field is nearly constant with time; this constant field duration occurs at the peak of the f p (t) curve shown in Figure 4 but is too small to be noticeable. We define the phosphor field at this time as the steady state field F ss . If F ss is independent of the maximum applied voltage, V max , above threshold, the device exhibits field-clamping. The idea of field-clamping (1-3, 5) is that for a large enough phosphor field, the emission rate of electrons from interface states and the concomitant rate of reduction of the phosphor field is equal to the slew rate of the phosphor field from the increasing applied voltage. Although some literature suggests otherwise, it is our experience that true field-clamping is observed in very few ACTFEL devices. Rather, what we denote as pseudo-field-clamping is often found in many kinds of ACTFEL devices; by this we mean that F ss varies slightly with V max . One sees in Figure 4 that after the steady state field portion of the f p (t) waveform, the phosphor field relaxes as a function of time. We refer to this portion of the curve as relaxation; in particular, we refer to the charge that is transferred across the phosphor during this portion of the waveform as relaxation charge (11) . Phosphor field relaxation occurs during the CD or HI portions of the waveform, during which time the applied voltage is constant at its maximum value. Since the external applied voltage is constant, the phosphor field must relax as more charge is transferred across the phosphor. Finally, during the DE or IJ portions of the waveform, the polarity of the phosphor field reverses sign because the applied voltage is removed, and the field set up by the charge that was transferred by the previous voltage pulse is of opposite polarity to that of the field set up by the applied voltage of the previous pulse.
Charge-Voltage Analysis
Charge-voltage (Q-V) analysis is the classical technique (1-4) used to electrically characterize ACTFEL devices. Q-V analysis is accomplished by plotting q ext (t) versus v EL (t), as given in Equations 1 and 2. Note that the charge Q plotted in a Q-V curve is really the external charge that is detected in the circuit and is measured as a voltage across the sense capacitor; this is in contradistinction to the internal charge, which is the actual charge inside the ACTFEL device at one of the phosphor/insulator interfaces. As explicitly shown in Equation 3, internal and external charges are not identical. Also note that the voltage V in a Q-V curve is the voltage drop across the ACTFEL device. This is slightly different than the applied voltage as measured at the output of the high-voltage amplifier because some of the applied voltage falls across both the series and the sense elements. In order to avoid confusion, it would be more appropriate to refer to the Q-V technique as the external charge/EL voltage technique; however, we do not do so here because this approach is universally referred to as the Q-V technique.
A Q-V curve is obtained using a single voltage waveform in which V max remains constant. Thus the voltage V in a Q-V measurement is actually the instantaneous voltage drop across the ACTFEL device, and Q is an instantaneous external charge monitored outside the ACTFEL device. Usually a Q-V curve is evaluated after the ACTFEL device has established a steady state with the applied voltage waveform; typically, steady state is established after the ACTFEL device has been subjected to ∼3-4 periods of the applied voltage waveform.
A somewhat idealized Q-V curve illustrating the primary features often observed in a ACTFEL device is shown in Figure 5 . The A-J labeling scheme introduced in Figure 2 is also used in Figure 5 . Superscripts + and − correspond to the polarity of the applied voltage pulse; our convention is that the polarity of the pulse is defined with respect to the top electrode (i.e. the electrode farthest away from the substrate). The superscript e is used to designate the relevant charge as an external charge. The absence of an e superscript indicates the charge is internal. An analysis of Figure 5 indicates the charges shown are external when below turn-on and are internal when above turn-on. The idea (5) is that below turn-on the charge measured in the external circuit is not identical to the internal charge at the phosphor/insulator interface. However, subsequent to the onset of strong conduction in the phosphor, the external charge transferred across the sense capacitor is identical to the charge that flows across the phosphor (more precisely, these two charges are identical only when the conduction current density is large enough so that the phosphor capacitance may be assumed to be shunted out of the circuit). Now consider the nature of the charges shown in Figure 5 . Q cond is the conduction charge transported across the phosphor during the voltage pulse; this is the charge responsible for impact excitation of the luminescent impurities which, hence, gives rise to light emission. Q e pol is the polarization charge stored at the phosphor/insulator interface just prior to the onset of the subsequent pulse of opposite polarity. Q e leak is the leakage charge arising from the emission of electrons from shallow interface states during the zero voltage portion of the waveform. Note that the magnitude of the leakage charge depends upon both the magnitude of the polarization field at the electron-emitting interface and the depth of the interface states. Finally, Q relax is the relaxation charge that flows across the phosphor during the portion of the waveform at which the applied voltage is constant at its maximum value; the phosphor field decreases during this portion of the waveform; hence the designation of relaxation charge.
In addition to the charges shown in Figure 5 , two turn-on voltages, V to , are indicated. Note that these voltages are referred to as turn-on voltages instead of threshold voltages. The distinction between turn-on and threshold voltages is as follows: The magnitude of a turn-on voltage depends upon the value of V max employed (the turn-on voltage depends upon Q pol and, hence, on V max ), whereas a threshold voltage is a constant value that does not depend upon the magnitude of V max . It can be shown that the threshold voltage is equal to the turn-on voltage evaluated in the limit in which the polarization charge goes to zero.
Consider one period of a Q-V waveform. First, note that a Q-V loop precesses in a counter-clockwise manner. The point labeled A in Figure 5 corresponds to the onset of a positive voltage pulse applied to the upper electrode (see Figure 3) . A nonzero value of Q is observed at A because of polarization charge residing at the upper phosphor/insulator interface, which is left behind by the previous pulse of opposite polarity. The AB portion of the Q-V curve arises from the rising edge of the external voltage when the magnitude is less than that required for turn-on of the ACTFEL device. BC also occurs during the rising portion of the external voltage pulse but the voltage magnitude is greater than the turn-on voltage for the BC portion of the Q-V curve. CD corresponds to the portion of the waveform in which the external voltage is held constant at its maximum amplitude. Section DE of the Q-V curve is obtained during the falling edge of the voltage pulse. EF corresponds to the segment of the waveform in which no external bias is applied to the ACTFEL device. The remainder of the Q-V curve from F to A is similar to the A to F portion of the curve just described except that the external applied voltage pulse is of opposite polarity.
Finally, the area enclosed within a Q-V curve is equal to the input electrical power density delivered per pulse to the ACTFEL device (1). 
Capacitance-Voltage Analysis
Alternatively, a C-V curve may be assessed as simply the derivative of a Q-V curve because the dynamic capacitance may also be defined as
Note that this alternative way of viewing a C-V curve would seem to suggest that a C-V curve is of little utility because it is merely the slope of the Q-V curve, and thus, it would seem that all the relevant information is contained within a Q-V curve. In practice, we have found C-V analysis to be an important extension of and a complement to the Q-V method because subtle details in a Q-V curve are amplified and become more readily evident upon differentiation of a Q-V curve to obtain the C-V curve. In this respect, C-V analysis is analogous to modulation spectroscopy (14) in which the first, second, and sometimes even third derivative of the raw data are obtained in order to remove background and enhance subtle features in the measured data.
The primary problem associated with accomplishing a C-V measurement is that the raw data must be differentiated to obtain the dynamic capacitance. Because differentiation is a high-pass filtering operation, it is crucially important to obtain raw data in a manner that maximizes the signal-to-noise ratio so that the lower frequency dynamic capacitance signal can be extracted from the higher frequency noise. We have found the two approaches for estimating the dynamic capacitance (as specified by Equations 8 and 9) to be equivalent if the signal-to-noise ratio is identical for the two sets of raw data.
Three idealized C-V curves are shown in Figure 6 in order to illustrate the type of information available from C-V analysis. These three curves are meant to indicate what such curves would look like for an ideal ACTFEL device subjected to three different V max ; in practice, we typically use V max = 20, 40, and 60 V above threshold for standard C-V characterization. First, note that the sub-turn-on capacitance, denoted C cv t , corresponds to the total capacitance of the ACTFEL stack (i.e. a series combination of the capacitances associated with the phosphor and the two insulating layers). Usually we find very good agreement between C cv t and the total physical capacitance C phys t (which we define as the series combination of the phosphor and insulator capacitances, as calculated from the expected thickness and dielectric constant of each individual thin-film layer). When there is a significant difference between C phys t and C cv t , we find that this is almost invariably due to an inaccuracy in estimating the thickness of the phosphor or insulator. This and other aspects of C-V analysis are very useful for ACTFEL process monitoring. In an ideal ACTFEL device, the above turnon capacitance, C There are two kinds of deviation from this ideal situation (15) . In the first case, we find C cv i < C phys i
. Such a situation arises (16) if the magnitude of the conduction current is inadequate to completely shunt the phosphor capacitance. We rationalize such a C-V curve by saying that there is an inadequate density of interface states to reach a condition of field-clamping or pseudo-field-clamping. More precisely, such a C-V curve is a consequence of having an inadequately large conduction current; the magnitude of the conduction current depends on the magnitude of the phosphor field, the depth and density of the interface states, and the electron multiplication properties of the phosphor (i.e. electron multiplication implies band-to-band or trap-to-band impact ionization, or trapto-band field ionization). The second kind of insulator capacitance deviation is where C . This situation arises when dynamic space charge generation occurs within the phosphor (17, 18) . Additionally, C cv i is found to be greater than C phys i only if space charge is both created and trapped or localized within the bulk region of the phosphor (19) . Thus when electron multiplication by band-to-band impact ionization occurs, C cv i = C phys i , since the created holes are transported to the cathode phosphor/insulator interface in ∼5 ps, which is essentially instantaneous with respect to the microsecond scale at which C-V measurements are accomplished.
We have observed two types of C-V deviations in which C cv i > C phys i (18) . In the first case, the dynamic capacitance increases to a value of capacitance in excess of C phys i and then decreases to a lower value of capacitance but still larger than C phys i
; we refer to this as capacitance overshoot. The second kind of C-V deviation occurs when the dynamic capacitance increases to a value greater than that of C phys i and saturates. Simulation indicates that both C-V deviations in which C cv i > C phys i are a consequence of dynamic space charge generation; differences between whether overshoot or saturation are observed appear to be related to the dynamics of space charge generation (20) , although a detailed understanding of these differences is not available.
Each C-V curve possesses three turn-on voltages, V to1 , V to2 , and V to3 , corresponding to the onset, mid-point, and saturation of the C-V transition, respectively. V to1 is the voltage across the ACTFEL device corresponding to the onset of emission of electrons from the most shallow filled interface states or bulk traps. V to3 corresponds to the initiation of field-clamping or pseudo-fieldclamping. V to2 corresponds most closely to the turn-on voltage found in a Q-V measurement; thus, V to2 corresponds to an average turn-on voltage. Note that these three voltages are referred to as turn-on voltages instead of threshold voltages (13, 21) .
The slope of the C-V transition between V to1 and V to2 is envisaged as a measure of the preclamping interface state density (13) . In an ideal ACT-FEL device, the interface state density is negligible from the conduction band minimum to ∼1 eV below the phosphor conduction band minimum where the density increases abruptly. This type of interface state distribution yields a steep C-V transition. In contrast, suppose that the interface state density increases gradually from the conduction band minimum to ∼1 eV below the phosphor conduction band where the interface state density is large enough that fieldclamping or pseudo-field-clamping occurs; in such a situation, a C-V transition with a smaller slope is observed. Quantitatively, the preclamping interface state density may be assessed (13) as
where A is the device area, and the term in the square bracket is the slope of the C-V transition. There are two potential pitfalls inherent in this interpretation of the C-V slope as a measure of the preclamping interface state density. First, the C-V measurement is a dynamic measurement in which the voltage plotted on the x-axis is being slewed at a high rate (∼20-40 V/µs); therefore, only interface states with relatively short time constants are monitored in a C-V measurement.
True interface state assessment involves measurement of interface states with all possible time constants in an equilibrium-like manner (22) , so a dynamic C-V measurement precludes accomplishing a true interface state measurement. Second, in some ACTFEL devices not all of the transferred charge derives from interface states; some charge also arises from bulk states in the phosphor. For these reasons, our view is that the slope of the C-V transition should be considered a measure of the abruptness of turn-on. We find the C-V slope to be a very useful relative measure of this abruptness if we compare ACTFEL devices measured under similar experimental conditions.
The turn-on voltages of the three C-V curves shown in Figure 6 shift rigidly to smaller voltages with increasing V max . The rigid shift to smaller voltages is characteristic of an ACTFEL device in which the electrons derive exclusively from interface states. In contrast, we find that if a substantial fraction of the transferred charge is from the phosphor bulk, V to1 is fairly constant (i.e. independent of V max ) at a small voltage, the initial portion of the C-V transition near V to1 is rather washed out, and the C-V curves shift in a non-rigid manner in which the C-V slope usually decreases as a function of increasing V max . Thus the shape of a C-V curve and its dependence upon V max are good indicators of whether the transferred charge is interface or bulk derived. In certain ACTFEL devices, we have observed the C-V characteristics to shift to larger voltages with increasing V max . This unusual behavior is linked to an abnormal reduction in the polarization charge with increasing V max and is invariably associated with space charge generation in the phosphor.
Internal Charge-Phosphor Field Analysis
There are two limitations of a Q-V curve in terms of the device physics information it contains. First, it is not easy to directly compare the relative magnitudes of various kinds of charge (e.g. polarization and conduction charge) within a Q-V curve because some of these charges are internal and others are external. Second, the x-axis of a Q-V curve involves the voltage applied across the entire ACTFEL stack. From a device physics stand point, it is more useful to plot the phosphor field on the x-axis. The internal charge-phosphor field (Q-F p ) technique was developed to address these two Q-V limitations (23) .
A Q-F p curve is generated from raw data obtained via the circuit shown in Figure 2 by plotting the instantaneous internal charge q(t) versus the internal phosphor field f p (t), as obtained from equations Equations 3 and 7. These equations arise from electrostatic equations used to describe the electrical behavior of an ideal ACTFEL device that possesses no space charge generation (5, 17) . If an ACTFEL device possesses space charge, these equations are still valid, but it should be recognized that f p (t) is the average field across the phosphor and that q(t) is equal to the actual internal charge flowing from one interface to another plus a contribution that depends upon both the amount and location of the space charge generated in the phosphor (17) .
An idealized Q-F p curve for an ACTFEL device is shown in Figure 7 . Note that the same A-J labeling scheme used in Figure 5 to describe a Q-V curve is also employed for a Q-F p curve. Additionally, note that a Q-F p loop is traversed in a clockwise manner, in contrast to a Q-V curve, which is traversed in a counter-clockwise direction. As indicated in Figures 5 and 7 , the same kinds of charges (i.e. Q cond , Q pol , Q leak , Q relax , and Q max ) are obtainable from a Q-V or Q-F p curve; however, since a Q-F p curve involves only internal charge, the magnitudes of these various kinds of charge may be directly compared in a Q-F p curve. Other device physics parameters available from a Q-F p curve, but not from a Q-V curve, are the steady state fields F ss , which are the constant or nearly constant fields occurring during the rising portion of the applied voltage waveform above turn-on. Also, the polarization charges and fields are not labeled in Figure 7 but correspond to the charges and fields at points A and F in the Q-F p curve.
One aspect of Q-F p analysis we find most useful is the ability to evaluate the extent of field-clamping of a ACTFEL device. This may be readily accomplished by plotting Q-F p curves for three voltages above threshold (e.g. V max = 20, 40, and 60 V above threshold) and determining whether the steady state fields are identical and independent of V max ; if they are, the ACTFEL device is said to exhibit strong field-clamping.
Perhaps the most subtle aspect of Q-F p analysis is the fact that the shape and accuracy of a Q-F p curve depend directly upon how well established are the insulator and phosphor capacitances and the phosphor thickness, as is directly evident from Equations 3 and 7. Any uncertainty in an estimate of the phosphor thickness is simply reflected as an uncertainty in the scaling of the x-axis of the Q-F p curve. However, inaccuracies in the estimates of C i and C p lead to distortions in the shape of a Q-F p curve (24) . We have found that plotting Q-F p curves is an excellent way to monitor the accuracy of estimates of C i and C p . Typically, we prefer to employ C phys i and C phys p for Q-F p analysis. However, sometimes it is advantageous when attempting to analyze ACTFEL devices that possess dynamic space charge generation to treat the C i and C p parameters in the Q-F p equations as freely adjustable parameters and to adjust these parameters until the most ideal Q-F p curve is obtained (ideal is defined as a Q-F p curve that has the most vertical and horizontal characteristics over the respective BC-GH and DE-IJ portions of the Q-F p curve) (18, (24) (25) (26) . We refer to these adjusted parameters as C qfp i and C qfp p ; we believe that the deviation of these parameters compared with C phys i and C phys p is a measure of the amount and location of the dynamic space charge generated (18) .
Maximum Charge-Maximum Applied Voltage Analysis
Our maximum charge-maximum applied voltage (Q max -V max ) measurement is similar to that of a conventional transferred charge measurement (in the literature, this measurement is sometimes referred to as a Q-V measurement) (4). A Q-V measurement is accomplished by plotting Q cond versus V max . In the following, we describe our procedure for accomplishing Q max -V max and external maximum charge-maximum applied voltage, Q e max -V max , measurements. We define Q max as indicated in Figure 7 . Q max corresponds to the net charge located at the phosphor/insulator interface with respect to the flat band or neutral charge level (i.e. the interface charge when the interface is electrically neutral). In order to accomplish a Q max -V max or Q e max -V max measurement, sets of offsetadjusted q ext (t), q(t), and v EL (t) curves as a function of V max are obtained for both positive and negative voltage pulses. To obtain a Q max -V max curve, a sorting routine is invoked to find Q max from each q(t) curve and V max from each v EL (t) curve. Finally, Q max is plotted as a function of V max to obtain the desired Q max -V max curve. A Q e max -V max curve is obtained in an identical fashion except that a sorting routine is invoked to find Q e max from each q ext (t) curve.
The intercept and slope are the primary device physics parameters of interest in a Q max -V max curve. The intercept is equal to the threshold voltage. This threshold usually correlates well with the threshold assessed from a luminancevoltage (L-V) curve. Thus the Q max -V max method is an electrical means for determing the threshold of an electro-optic ACTFEL device.
The slope of a Q max -V max curve is a measure of the charge transfer efficiency of an ACTFEL device. The slope of a Q max -V max curve may be greater than, less than, or equal to C phys i (15, 27) . If the Q max -V max slope is greater than C phys i , then some type of electron multiplication occurs in which more charge arrives at the anode interface than is emitted from the cathode interface (27) . Such electron multiplication processes consist of either bulk phosphor trap ionization (involving the creation of bulk dynamic space charge) or band-to-band impact ionization (which does not involve bulk dynamic space charge generation). Both processes result in electron multiplication, but only trap ionization occurs concomitantly with C-V and Q-F p overshoot or other manifestations of dynamic space charge generation. Thus if an ACTFEL device has a Q max -V max slope greater than C phys i and exhibits no C-V or Q-F p overshoot or other evidence for dynamic space charge generation, band-to-band impact ionization likely occurs in the phosphor of this device. To date, evaporated ZnS:Mn ACTFEL devices are the only devices we have tested that exhibit band-to-band impact ionization but no dynamic space charge generation.
If the Q max -V max slope is less than that of C phys i
, this indicates that the ACT-FEL device has insufficient charge transfer for field-clamping or pseudo-fieldclamping. We have observed this kind of behavior in thiogallate:Ce ACTFEL devices, which also do not exhibit any evidence for dynamic space charge generation (16) . If the Q max -V max slope is equal to C phys i , this would imply that charge is efficiently transferred from the cathode interface to the anode interface but that no electron multiplication occurs during this transfer (again, we assume an absence of space charge generation). To date we have never observed an ACTFEL device with these characteristics. Finally, note that some ACTFEL devices do not exhibit a single, well-defined Q max -V max slope (4b). For such devices, it is convenient to evaluate the slope of the Q max -V max curve as a function of V max and to compare the magnitude of this slope to C phys i .
ELECTRICAL CHARACTERIZATION EXAMPLES
Evaporated ZnS:Mn
The electrical characteristics of an evaporated ZnS:Mn ACTFEL device with a phosphor thickness of ∼600 nm are illustrated in Figures 8-11 . Figure 8 is , and the C-V curves shift almost rigidly to lower voltages with increasing V max .
Figures 9 and 10 present sets of Q-V and Q-F p curves, respectively, for V max = 20, 40, and 60 V above threshold. These curves are distinguished by strong field-clamping, as evident from the fact that F ss is virtually independent of V max in the Q-F p curves and that the above turn-on Q-V curves retrace each other above threshold. Additionally, these sets of Q-V and Q-F p curves demonstrate that Q cond , Q relax , Q leak , and Q pol all increase with increasing V max , whereas V to decreases with increasing V max . Figure 11 is a plot of the Q max -V max curve. This curve is taken at a frequency of 100 Hz in order to minimize effects associated with metastable hole trapping (4b) . A least square fit to the linear portion of this curve just above threshold results in an estimated threshold voltage of 122.8 V. This Q max -V max intercept is in good agreement with the L-V threshold. The slope of this Q max -V max is ∼38 nF/cm 2 for V max = 120-150 V and ∼31 nF/cm 2 for V max > 150 V. Thus just above threshold the Q max -V max slope is significantly larger than the physical insulator capacitance value of 29 nF/cm 2 , whereas at V max >150 V, the Q max -V max slope is only slightly larger than that of the physical insulator capacitance. The fact that the Q max -V max slope is greater than the physical insulator capacitance, and yet there is no C-V or Q-F p evidence for dynamic space charge generation, indicates that electron multiplication via band-to-band impact ionization occurs within the phosphor of this device (19) . Moreover, the fact that the slope of the Q max -V max curve changes as a function of V max is evidence for the important role played by metastable hole trapping (4b).
Atomic Layer Epitaxy SrS:Ce
The electrical characteristics of an atomic layer epitaxy (ALE) SrS:Ce ACTFEL device with a phosphor thickness of 500 nm are collected in Figures 12-15 . Figure 12 displays a set of C-V curves obtained using both positive and negative applied voltage pulses. There are various aspects of these curves that make them non-ideal. First, note that the C-V curves depend strongly on the polarity of the applied voltage pulse; this indicates that there is a large degree of asymmetry in the electrical properties of the upper and lower interfaces of this device. Next, notice that the above turn-on capacitance is significantly greater than the physical insulator capacitance for both sets of C-V curves; this indicates that there is a large amount of dynamic space charge generation in the phosphor of this ACTFEL device; we attribute this dynamic space charge generation to Ce-to-band and trap-to-band impact ionization. Moreover, note that there is a large amount of overshoot in the positive voltage pulse curves shown in Figure  12a , whereas the negative voltage pulse curves shown in Figure 12b saturate at capacitances in excess of the physical insulator capacitance and do not display typical overshoot characteristics in which the capacitance first increases and then decreases. Finally, notice that these C-V curves first shift to lower voltages with increasing V max but then shift to higher voltages. Also, these C-V shifts are non-rigid. These observations indicate that a substantial fraction of the transferred charge arises from the bulk phosphor via dynamic space charge generation and not exclusively from interface state injection.
Figures 13 and 14 present sets of Q-V and Q-F p curves, respectively, for V max = 20, 40, and 60 V above threshold. These figures offer more evidence that this ALE SrS:Ce ACTFEL device behaves in a non-ideal manner. The above turn-on curvature of the Q-V curve and the Q-F p overshoot are other manifestations of dynamic space charge generation; Figures 13 and 14 confirm that dynamic space charge generation is asymmetrical with respect to the voltage pulse polarity, in agreement with Figure 12 . The Q-F p curves show that fieldclamping is not operative in this device. Moreover, the most striking aspect of these Q-F p curves is the way in which the phosphor field decreases strongly above turn-on due to the formation of dynamic space charge. Another unusual aspect of Figure 14 is the fact that the magnitude of the charge decreases in the DE and IJ regimes of the Q-F p curve even though the applied voltage is not yet reduced to zero during this portion of the waveform. We refer to this kind of phenomenon as charge collapse and attribute it to the presence of a large internal field that is set up by the transfer of charge and/or the storage of this charge in very shallow states. When charge collapse occurs, the polarization charge begins to leak to the opposite interface even before the applied voltage is completely reduced to zero because the internal field is so large and/or the trapped charge states are so shallow. Figure 15 is a plot of the Q max -V max curve. The Q max -V max threshold voltage is found to be 77.8 V, which is in relatively good agreement with the threshold found from L-V measurements. Note that in contrast to the Q max -V max curve shown in Figure 11 , the slope of the Q max -V max curve is constant above threshold. Additionally, the Q max -V max slope shown in Figure 15 is ∼73 nF/cm 2 , which is significantly greater than the physical insulator capacitance of 39.8 nF/cm 2 . Differences in the slopes of the Q max -V max curves shown in Figures 11 and 15 are attributed to the different physical mechanisms responsible for Q max -V max slopes in excess of the physical insulator capacitance (i.e. band-to-band impact ionization and metastable hole capture for the evaporated ZnS:Mn ACTFEL device of Figure 11 and Ce-to-band and trap-to-band impact ionization for the ALE SrS:Ce ACTFEL device of Figure 15 ).
